To determine whether ingestion of citronellal decreases the attractive power of the male mouse urinary odor, female mice were used in preference tests. A series of tests revealed that the female mice preferred voided urine odors from aged mice over those from younger adult mice. However, exogenous citronellal directly inhibited the advantage of the aged males with regard to attraction.
Odors in the urine of rodents are a rich source of chemical sensory information for other rodents. For example, individual body scents, present in the urine, are influenced by the differences in genetically encoded species information, 1, 2) sex, [3] [4] [5] [6] individual identity, [7] [8] [9] and kinship 10, 11) of the owner, as well as information about the animal's current reproductive status, [12] [13] [14] virus infection status, 15) and age, [16] [17] [18] [19] [20] all of which can influence other animals' behavior and mate selection. It is generally believed that each of these characteristics must be relatively stable over a considerable period of time in an individual in order to influence body odors so that the individual can be recognized in multiple behavioral and social contexts.
Nevertheless, there is considerable evidence that short-term fluctuations in body odor can result from dietary changes. [21] [22] [23] [24] Some reports have suggested that dietary changes can mask genetically determined odortypes, preventing recognition of individuals. 25) In a previous study, we found that aged B6 male mice developed an aging-associated odor that was attractive to female mice in an experimental setting, and that this attraction was due to increases in several volatile chemicals. 16, 17) Another of our studies suggested that ingestion of mugwort and mushroom extract decreased the intensity of odors associated with aging in mice by decreasing specific urinary chemicals that normally increase in aged mice, although we found no evidence to suggest that xenobiotic chemicals from these edible herbs were released into the urine. 26) Moreover, using a standard odor training paradigm employing a Y maze, 7, 8, 27) we found that citronellal, which emits a lemony aroma and is present at high concentrations in the Japanese pepper (Xanthoxylum piperitum DC.), 28) came out in the male mouse urine when it was ingested with water. 29) Notably, ingestion of citronellal can alter mouse urinary odor by masking it with the odor of citronellal itself, and can lead to confused behavioral responses to odor in mice, preventing them from distinguishing between younger and older adult male mouse odors.
Thus we have established that exogenous citronellal can change the odor of mouse urine, but we did not have enough evidence to determine whether citronellal diminishes the attractiveness of the older male mice urine odor for female mice. The purpose of the experiments described in this study was to address this question. Using a Y-maze preference test, 10, 30) we found that exogenous citronellal not only changed the urinary odor quality, but also diminished the attraction for female mice of the male mouse urine. Moreover, we found evidence that there are significant relationships between the results of the present preference tests and the previous results of the Y maze training system. 29) Odor donor and odor sensor B6 mice were cared for in accordance with the NIH Guide for the Care and Use of Laboratory Animals and the Animal Ethics, and the Research Committee of Health Sciences University of Hokkaido approved the experimental protocols prior to experimentation. To collect urine samples for use in the behavioral experiments conducted in this study, the urine donor mice ingested a citronellal solution (0 ppm, 10 ppm, or 50 ppm in drinking water, n ¼ 5 per group) for 12 d. Urine samples were collected from young adult (Adult: 4-5 months old) and aged adult (Aged: 17-19 months old) male B6 mice housed in metabolic cages. In the behavioral studies, the test samples consisted of pooled urine samples collected from the experimental groups. To avoid diurnal fluctuations in urinary chemical content, urine collection was done between 18:00 and 8:00. Urine sampling was conducted on day 12. In addition, voided urine samples were collected from both Adult and Aged B6 mice that had ingested tap water by gentle abdominal pressure. The samples were diluted five-fold (5Â), and thereafter were also used in the preference tests. The urine samples and the citronellal solutions were stored at À20 C. The citronellal solutions employed in this study had citronellal concentrations similar to those found naturally in plants of the citronellal (10 and 50 ppm) and control (0 ppm citronellal) solutions has been described elsewhere. 29) Briefly, undiluted citronellal (Sigma-Aldrich., St. Louis, MO) was dissolved in ethanol to make a 10% solution, which was then mixed with deionized water. To avoid a neophobic response to the urine odor of the donor mice due to the distinct odor of citronellal (Epple et al., 2004), 1.7% sucrose was added to the solutions. The control solution contained 1.7% sucrose and a volume of ethanol equivalent to that of citronellal in the corresponding experimental solution.
The preference test was conducted using 5 to 7-month-old female B6 mice (n ¼ 45, and n ! 6 for each test). To avoid confounding data due to learning, a given mouse was used only once. Because female attraction to aged male odors (volatile chemosignals) was equally strong on days when the female rodents displayed vaginal estrus as compared to days of anestrus, 13, 16, 31) we conducted the behavioral tests regardless of female estrous stage throughout the tests. 16, 30) A custom-made Y maze ( Fig. 1 ; long arm length 450 mm, short arm length 400 mm, arm width 100 mm) was constructed from plexiglas (1 cm thick). The design of the Y maze used in this study is described in a previously published report. 29) Briefly, the two arms of the maze were scented by means of air currents conducted through chambers containing odor source materials in Petri dishes.
Before the experiment started, the mice were habituated to the Y maze for 3 min. The next day, 1 mL of Aged mouse urine, placed in a plastic Petri dish (diameter 35 mm) was inserted into the odor box at the back of one of the short arms. The same amount of adult mouse urine was inserted into the odor box at the back of the other short arm. Next, the amount of time a female mouse spent in each of the short arms of the Y maze, which were directly connected to the boxes, was measured over a period of 3 min. The odor sources were inserted at random into one odor box or the other, which were adjoined to the short arm of the Y maze.
Each test was conducted between 5:00 am and 12:00 noon. The floor of the test area was replaced with a clean bench coat between trials to eliminate residual odor cues. All behavioral studies were performed as blind tests. To determine whether there was a preference on the port of the female mice for aged male mouse urine samples, the behavioral data were processed as follows: The net preference time was taken to be the time spent in the short arm, where the adult mouse urine odor, was subtracted from the time spent in the short arm with the aged mouse urine odor (aged urine-adult urine). Adult urine was substituted for adult urine in the control experiments (adult urine-adult urine).
In order to determine whether the female mice showed an age-related preference for the urinary odor of the mice that had ingested citronellal, we conducted a set of preference tests using a Y maze. Because sucrose was added to the citronellal solution, the mice ingested more than twice the amount of citronellal solution than of tap water. It was predicted that the intrinsic urine odor of a mouse that had ingested citronellal would be weaker than usual. Hence in tests 1 and 2, the female mice were presented with 5Â diluted voided urine samples from adult and aged B6 mice that had ingested tap water. The results indicated that the female mice significantly preferred the 5Â voided urine from aged over adult mice (p < 0:01), but that there were no differences in their preference for urine from different individuals from the Adult mouse group ( Fig. 2A; tests 1 and 2 ). This result clearly indicated that the voided urine collected from the aged males had a stronger attraction for the female mice than that from younger adult males, even when the samples were diluted 5-fold.
Next, to determine whether citronellal ingestion would inhibit the appeal of the aged mouse urine, we tested the preference of female mice for the urine of adult and aged mice that had consumed citronellal (0 ppm, 10 ppm, or 50 ppm). Our previous study indicated that the urinary citronellal level in the urine of adult mice and aged mice that consumed 50 ppm citronellal were nearly identical. Moreover, there was no difference in the contents of several known male pheromones in the citronellal ingestion and control groups. 29) The preference tests confirmed the hypothesis that urinary citronellal has a significant effect on mouse behavior, since it inhibited the preference of female mice to the aged mouse urine samples. When female mice were presented with a choice of urine from aged and adult mice that had ingested 50 ppm citronellal, they failed to show a preference for the urine odor from the aged mice ( Fig. 2A; test 5 ). In contrast, female mice were attracted more strongly to the urine odor of aged mice that had ingested either the vehicle (0 ppm citronellal) or 10 ppm citronellal ( Fig. 2A ; tests 3 and 4) as compared to adult mice that had ingested the same solutions.
To determine whether there was any relationship between the concentration of citronellal that prevented the preference of female mice for aged male mouse Air is drawn by a fan through a tube with an inlet near the input vent supplying the laboratory, and is conducted through the left and right odor boxes. Each odor box has a lid to allow a Petri dish containing the odor source to be placed within the box. Air currents then pass through the left (L) and right (R) arms of the maze, which have transparent lids. urine and that which inhibited the discrimination of adult and aged male mouse urine odor by trained female mice, our results were plotted against previously published behavioral discrimination data (Fig. 2B) . 29) We found that there was a relationship between female and age discrimination at various concentrations of the citronellal solution. The stronger the preference was the male mouse urine, the easier it was for the mice to discriminate. Thus, our findings clearly indicate that odor from an exogenous odorant, citronellal, altered the odor of the urine, and not only confused the female mice as to age-related changes in male mouse urine odor, but also diminished the age-related preference of the nontrained female mice for the male urine.
To confirm these conclusions, we conducted an experiment in which aged male urine from mice fed citronellal solutions was compared to aged and adult male urine from mice fed no citronellal. Three or four female test mice were housed in a polycarbonate cage (n ¼ 20, n ! 6 for each test), and they were acclimatized for 3 d with 1 mL of citronellal aqueous solution (1 ppm) mixed in the bedding. The mice went through two-choice behavioral tests in the same manner as tests 1-5. In this case, the preference for aged male mice of female mice was significantly inhibited by urinary citronellal (Fig. 2C, right) , and declined to a level comparable to the adult male (Fig. 2C, left) . These results also confirmed the hypothesis that urinary citronellal decreases female preference for the aged male chemosignals (Fig. 2C) .
The finding of odor masking by citronellal described above provides a strong rationale for further studies not only of mice, but also in other mammals that rely strongly on chemicals to communicate social and sexual messages, including many wild animals. A, Net preference times in the exposure of mice to adult and aged male mouse urine samples. The net preference time was taken to be the time spent in the short arm with the test urine odor subtracted from the time spent in the short arm with the adult urine odor. The statistical significance of the difference between the net preference times was assessed by the Kruskal-Wallis test with a post-hoc Steel-Dwass test. Data are given as means AE SEM.
ÃÃ p < 0:01, Ã p < 0:05. B, Diagram showing the correlation between net preference time (based on the present data) and the ability to discriminate (percentage of correct) (Osada et al., 2011) and the concentrations of the citronellal solutions. C, Net preference time as between aged male urine from mice fed 50 ppm citronellal solutions and aged or adult male urine fed no citronellal. The net preference time was taken to be the time spent in the short arm with the citronellal free mouse urine odor subtracted from the time spent in the short arm with the aged mouse urine odor that is fed 50 ppm citronellal drink. The statistical significance of the difference between net preference times was assessed by the Mann-Whitney U test. Data are given as the means AE SEM.
Ã p < 0:05 vs. control (adult urine vs. adult urine).
